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The C. elegans Tousled-like Kinase (TLK-1)
Has an Essential Role in Transcription
Multiple cell cycle-regulated kinases have been impli-
cated in CTD phosphorylation including CDK1, CDK7,
CDK8, and CDK9 [2]. CDK7 and its partner cyclin, cyclin
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via CAK (cyclin-dependent kinase activating kinase) ac-2 Huntsman Cancer Institute
tivity [6–8]. CDK9 and cyclin T are components of aUniversity of Utah
transcription factor, pTEFb, which phosphorylates theSalt Lake City, Utah 84112
RNAPII CTD at Ser2 and promotes transcription elonga-3 Genes and Development Program
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CDK-7 and CDK-9 are essential for embryonic viabilityThe University of Texas, Houston
and are broadly required for embryonic transcription [8,Houston, Texas 77030
10]. Depletion of CDK-9 by RNAi-mediated interference
(RNAi) resulted in an embryonic lethal phenotype that
was grossly indistinguishable from that produced by
Summary RNAi of the large subunit of RNAP II (AMA-1 in C. ele-
gans), namely developmental arrest at approximately
Background: The Tousled kinases comprise an evolu- the 100-cell stage in the absence of differentiation [10,
tionarily conserved family of proteins that have been pre- 11]. Not surprisingly, RNAPII CTD phosphorylation at
viously implicated in chromatin remodeling, DNA replica- Ser2 and Ser5 was no longer found in ama-1(RNAi) em-
tion, and DNA repair. Here, we used RNA mediated bryos [10, 11]. Interestingly, while CTD Ser5 phosphory-
interference (RNAi) to determine the function of the C. lation was not affected, phosphorylation of CTD Ser2
elegans Tousled kinase (TLK-1) during embryonic devel- was not detectable in cdk-9(RNAi) embryos [10].
opment. Here, we report that the C. elegans homolog of the
Results: TLK-1-deficient embryos arrested with a pheno- Tousled kinases is required for appropriate transcription
type reminiscent of embryos that are broadly defective and CTD phosphorylation during C. elegans embryonic
in transcription, and the expression of several reporter development. Mutations in the founding member of the
genes was dramatically reduced in tlk-1(RNAi) embryos. Tousled family, Arabidopsis thaliana Tousled, result in
Furthermore, posttranslational modifications of RNA numerous developmental defects that lead to a “tou-
polymerase II (RNAPII) and histone H3 that have been sled” appearance of various tissues [12]. Two human
correlated with transcription elongation, phosphoryla- homologs (Tlk1 and Tlk2) were subsequently found to
tion of the RNAPII CTD at Serine 2, and methylation be cell cycle-regulated kinases that display maximum
of histone H3 at Lysine 36 were found at significantly expression and activity during S phase [13]. A yeast
reduced levels in tlk-1(RNAi) embryos as compared to two-hybrid screen and in vitro phosphorylation assays
wild-type. revealed that human Asf1a and Asf1b are in vitro sub-
Conclusions: These results reveal a surprising require- strates of the human Tlk kinases [14]. Along with Asf1,
ment for a Tousled-like kinase in transcriptional regula- histone H3 was also found to be an in vitro substrate
of human Tlk [15]. Although the molecular and cellulartion during development, likely during the elongation
consequences of Asf1 and histone H3 phosphorylationphase. In addition, our results confirm that the link be-
by Tlk are unknown, Tlk activity was recently shown totween RNAPII phosphorylation and histone H3 methyla-
be downregulated in response to S phase DNA damagetion previously observed in budding yeast is functionally
via the ATM and Chk1 kinase pathways [16]. These re-conserved in metazoans.
sults suggest that Tousled kinases may play a critical
role in chromatin remodeling during DNA replication andIntroduction
repair.
Our analysis of C. elegans Tousled (TLK-1) has re-The phosphorylation of specific residues within the hep-
vealed an unanticipated role for a Tousled kinase intapeptide repeats found in the C-terminal domain (CTD)
transcription. Here, we report that C. elegans TLK-1 is
of the RNA polymerase II (RNAPII) large subunit have
required for appropriate transcription during C. elegans
been directly correlated with different stages of tran-
development and differentially affects the posttransla-
scription [1, 2]. RNAPII phosphorylated at CTD Ser5 tional modifications that have been correlated with tran-
is found primarily at promoters and appears to act in scription elongation, RNAPII CTD phosphorylation at
transcription initiation while RNAPII phosphorylated at Ser2, and methylation of histone H3 at Lysine 36.
CTD Ser2 predominates once RNAPII has cleared the
promoter for transcription elongation [1]. The differential Results
phosphorylation of CTD Ser5 and Ser2 controls the bind-
ing of many of the factors required for transcription and Cloning of a Tousled-like Kinase
mRNA processing [1, 3–5]. from C. elegans (TLK-1)
Intrigued by a potential role for Tousled kinases in his-
tone H3 Ser10 phosphorylation [15], we performed Blast*Correspondence: jschumac@mdanderson.org
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searches of the C. elegans genome to identify a single revealed that TLK-1 was highly expressed in interphase
and prophase nuclei (Figure 1C). TLK-1 immunostaininglocus, C07A9.3, predicted to encode a protein with sig-
nificant homology to the Tousled family of kinases. A diminished dramatically upon nuclear envelope break-
down and did not appear to be above background levelsfull-length C07A9.3 cDNA was PCR amplified from a C.
elegans cDNA library using primers specific for SL1 (a in mitotic cells from metaphase through telophase (Fig-
ure 1C). However, at this time, we cannot distinguishtrans-spliced leader RNA found at the 5 end of the
majority of C. elegans mRNAs) [17] and the predicted whether this is due to diffusion of nuclear TLK-1 or due
to degradation of the TLK-1 protein during mitosis.stop codon. DNA sequencing of this clone revealed that
SL1 is spliced to nucleotide 37134 of the C07A9 cosmid TLK-1 was also detectable in adult germline nuclei, sug-
gesting that the TLK-1 protein is maternally expressedsequence, resulting in an open reading frame (ORF) that
starts at amino acid 272 of the C07A9.3 predicted protein (data not shown).
sequence (GenBank). Thus, the true C07A9.3 ORF be-
gins at predicted exon 6. In agreement with our data, TLK-1 Is Not Required for Mitotic Histone
no sequences corresponding to predicted exons 1–5 H3 Phosphorylation
are present in the C. elegans EST database (http:// Yeast Ipl1, C. elegans AIR-2, and other Aurora B kinases
www.wormbase.org) and the most 5 C07A9.3 EST se- are required for mitotic phosphorylation of histone H3 at
quence (yk143f9.5) also corresponds to exon 6. An align- Ser10 [18–21]. It has recently been reported that human
ment with the corrected C07A9.3 protein product and TLK-1 can also phosphorylate this residue [15]. To test
other Tousled family members is shown in Figure S1. whether C. elegans TLK-1 is a histone H3 kinase, a
Given the high degree of sequence conservation be- peptide corresponding to the N-terminal tail of histone
tween C07A9.3 and Tousled kinases, we have named H3 was incubated with bacterially expressed recombi-
this protein TLK-1 (Tousled-like kinase). C. elegans nant MBP-TLK-1 or GST-AIR-2 and [-32P-ATP] in kinase
TLK-1 differs from other family members in that there buffer. The H3 peptide was strongly phosphorylated in
is an insertion of several polyglutamine domains near the presence of GST-AIR-2, but not MBP-TLK-1 (Figure
the N terminus of the protein (Figure S1, boxed), while 2A). To confirm that MBP-TLK-1 is an active kinase in
the kinase domain is found in the highly conserved C vitro, MBP-TLK-1 was incubated with the myelin basic
terminus (Figure S1, underlined). protein (MYBP) in assay conditions identical to those in
To determine whether TLK-1 is an essential protein the above experiments. MBP-TLK-1 underwent auto-
in C. elegans, RNA-mediated interference was performed phosphorylation and could phosphorylate MYBP in vitro
by microinjection of double-stranded RNA (dsRNA) or (Figure 2B). Since phosphorylation of histone H3 nor-
feeding young adult hermaphrodites bacteria express- mally takes place in the context of nucleosomes, kinase
ing dsRNA corresponding to the tlk-1 cDNA. tlk-1(RNAi) assays were performed with nucleosomes assembled
by either method resulted in fully penetrant embryonic in vitro [22, 23]. GST-AIR-2 readily phosphorylated his-
lethality in the broods of treated animals. As similar tone H3 in this assay, where as MBP-TLK-1 did not
results were obtained by injection or feeding, feeding (Figure 2C).
results are shown except as noted below. Affected em- To determine whether phosphorylation of histone
bryos no longer expressed detectable levels of the TLK-1 H3(S10) is dependent on TLK-1 expression in vivo, wild-
protein (Figures 1A and 1B) and arrested development type, tlk-1(RNAi) and air-2(RNAi) embryos were fixed
with approximately 100 cells with no signs of differentia- and stained with a polyclonal antibody specific for this
tion (Figure 1B). As discussed below, this phenotype is modification (pH3). As a fixation control, all embryos
highly reminiscent of the embryonic lethality seen when were counterstained with a monoclonal -tubulin anti-
RNAPII-dependent transcription is disrupted. body. While pH3 immunostaining was not detectable in
air-2(RNAi) embryos as expected [18], mitotic chromo-
somes were strongly stained by this antibody in wild-Cell Cycle-Specific Expression and Localization
type and tlk-1(RNAi) embryos (Figure 2D). Western blotof C. elegans TLK-1
analysis of wild-type and tlk-1(RNAi) embryo extractsTo assess the expression and localization pattern of the
confirmed that the level of H3(S10) phosphorylation didTLK-1 protein during C. elegans embryogenesis, a rabbit
not change in the absence of the TLK-1 kinase (Figurepolyclonal antibody was raised against a maltose bind-
2E). As the feeding method of RNAi used in these experi-ing protein-TLK-1 fusion protein (MBP-TLK-1). Western
ments may not be as effective in reducing gene expres-blot analysis of wild-type C. elegans embryo lysates
sion as microinjection [24], tlk-1(RNAi) embryos pro-probed with affinity-purified TLK-1 antisera revealed a
duced by microinjection were also examined for pH3single protein of the predicted size (108 kDa) (Figure 1A).
staining. As above, no differences were detected in theAntibody recognition of this protein was entirely eliminated
level of pH3 staining between wild-type and tlk-1(RNAi)in lysates from tlk-1(RNAi) embryos (Figure 1A).
embryos (Figure S2).Immunolocalization studies using affinity-purified TLK-1
antisera on fixed C. elegans embryos revealed that the
TLK-1 protein was exclusively found in nuclei from the TLK-1 Affects RNAPII and Histone Modifications
that Are Correlated with Transcription Elongationtwo-cell stage until morphogenesis (Figure 1B). Staining
was completely eliminated in tlk-1(RNAi) embryos (Fig- While C. elegans embryonic development is initiated by
maternally derived proteins and mRNAs, zygotic RNAPII-ure 1B) and entirely competed by preincubation of TLK-1
antisera with MBP-TLK-1 (data not shown). Examination dependent mRNA transcription begins around the four-
cell stage [11, 25]. When RNAPII activity is inhibited,of TLK-1 immunostaining with respect to the cell cycle
A Role for TLK-1 in Transcription
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Figure 1. TLK-1 Is a Nuclear Protein that Is Highly Expressed during Interphase and Prophase
(A) Western blot of protein extracts from C. elegans wild-type and tlk-1(RNAi) embryos (produced by feeding dsRNA) probed with affinity-
purified TLK-1 antisera. Protein loading was confirmed by probing with an -tubulin antibody.
(B) Wild-type and tlk-1(RNAi) embryos (produced by feeding dsRNA) were fixed and stained with DAPI and antibodies to TLK-1 and -tubulin.
Bar: 10 m.
(C) Wild-type and tlk-1(RNAi) one- and two-cell embryos (produced by feeding dsRNA) fixed and stained with DAPI and antibodies to TLK-1
and -tubulin were staged with respect to the cell cycle as assessed by DAPI and tubulin staining. Bar: 10 m.
embryonic development is arrested at approximately maphrodites were fed HT115 bacteria transformed with
the RNAi feeding vector L440 without an insert, embry-the 100-cell stage in the absence of differentiation [26,
27]. As described above, tlk-1(RNAi) embryos also arrest onic GFP expression was readily apparent in the four
strains tested (med-1::GFP [28], end-3::GFP [29], elt-with approximately 100 undifferentiated cells, sug-
gesting that transcription may be broadly disrupted in 2::GFP [30], and myo-2::GFP;pes-10::GFP [M. Edgley,
J. Liu, D. Riddle, and A. Fire, personal communication]).the absence of the TLK-1 kinase. To test this notion,
tlk-1(RNAi) experiments were performed in C. elegans GFP expression was not detectable in RNAPII/ama-
1(RNAi) embryos and was greatly reduced in tlk-1(RNAi)strains harboring transgenes in which the regulatory re-
gions of RNAPII-dependent embryonically expressed embryos (Figure 3). Altogether, these results support
the conclusion that tlk-1(RNAi) embryonic lethality isgenes had been fused to a GFP reporter. When her-
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Figure 2. TLK-1 Does Not Phosphorylate H3(S10) In Vitro or Affect H3(S10) Phosphorylation In Vivo
(A) Results of filter binding assays where a peptide corresponding to the N-terminal tail of histone H3 was incubated alone (H3), with MBP-
TLK-1 (H3MBP-TLK-1), or with GST-AIR-2 (H3GST-AIR-2) in kinase buffer supplemented with [-32P]ATP. 32P incorporation was measured
by scintillation counting (y axis). Controls included MBP-TLK-1 and GST-AIR-2 without H3 peptide. Bar: Standard deviation from three
independent experiments.
(B) MBP-TLK-1 was incubated with the myelin basic protein (MYBP) in kinase buffer supplemented with [-32P]ATP. Kinase reactions were
separated by SDS-PAGE, blotted to nitrocellulose, and subjected to phosphoimage analysis to measure 32P incorporation and stained with
Ponceau S to confirm protein loading.
A Role for TLK-1 in Transcription
1925
Figure 3. Transcription Is Reduced in tlk-1(RNAi) Embryos
Transgenic C. elegans strains harboring the indicated promoter:GFP reporter constructs were fed HT115 bacteria, Ht115 bacteria expressing
tlk-1 dsRNA, or HT115 expressing ama-1 dsRNA. Embryos were isolated and analyzed by DIC and immunofluoresence (FL) microscopy to
assess GFP expression. Bar: 10 m.
consistent with a broad defect in embryonic mRNA tran- while RNAPII expression and pSer5 levels were un-
changed by tlk-1(RNAi), pSer2 levels were reduced ap-scription.
To determine the steps at which the TLK-1 kinase may proximately 40% with respect to wild-type (Figure S3).
To determine whether tlk-1(RNAi) by microinjectionimpact the regulation of transcription, RNAPII activity in
wild-type and tlk-1(RNAi) embryos was measured with might result in a stronger phenotype with regard to CTD
phosphorylation, similar experiments were performedrespect to RNAPII CTD Ser2 and Ser5 phosphorylation
[11, 27]. In C. elegans and Drosophila embryos, CTD on tlk-1(RNAi) embryos from microinjected hermaphro-
dites. Comparable results were obtained, levels of pSer5phosphorylation patterns are strongly associated with
transcriptional activity [11]. Wild-type, tlk-1(RNAi), and did not change (data not shown), and pSer2 staining was
reduced to a similar extent as in tlk-1(RNAi) embryosRNAPII/ama-1(RNAi) embryos were fixed and stained
with monoclonal antibodies specific for the large subunit produced via the feeding method (Figure S4). Altogether,
these results indicate that while TLK-1 is not requiredof RNAPII and phosphorylated CTD Ser2 and Ser5 [11]
(Figure 4A). All embryos were counterstained with an for expression of the large subunit of RNAPII or phos-
phorylation of CTD Ser5, it does affect phosphorylationAIR-1-specific antibody as a fixation control (data not
shown) [31]. In wild-type C. elegans embryos, RNAPII-, of CTD Ser2, suggesting that TLK-1 may be involved in
regulating RNAPII activity during transcription elon-pSer2-, and pSer5-specific immunostaining was present
in all interphase and prophase somatic nuclei starting gation.
The methylation of specific lysines in the histone H3at the four-cell stage, while the RNAPII antibody also
labeled germline nuclei (Figure 4A, [11]). Immunostain- tail has been shown to play a significant role in transcrip-
tion silencing, activation, and elongation [32]. Methyla-ing with all three antibodies was reduced by approxi-
mately 80% when expression of the large subunit of tion of Lys4 (MetLys4) has been correlated with tran-
scription activation, while MetLys9 has been associatedRNAPII was inhibited by RNAi (ama-1(RNAi)) (Figures
4A and 4B, and data not shown). In tlk-1(RNAi) embryos, with transcriptionally repressed heterochromatin [33–
36]. Furthermore, it has recently been shown that thethe intensity of RNAPII and pSer5 immunostaining was
similar to wild-type, while pSer2-specific immunostain- methyltransferase responsible for methylation of his-
tone H3 Lys36 is primarily associated with the elongatinging was reduced by approximately 40% (Figures 4A and
4B). To confirm these results, wild-type, ama-1(RNAi), form of RNAPII, suggesting that this modification may
be involved in transcription elongation or its regulationand tlk-1(RNAi) embryo extracts were subjected to
Western blot analysis with the same antibodies. Again, [37–39]. Since TLK-1 appears to impact RNAPII activity
(C) MBP-TLK-1 and GST-AIR-2 were incubated with nucleosomes in kinase buffer supplemented with [-32P]ATP. Kinase reactions were
separated by SDS-PAGE, blotted to nitrocellulose, and subjected to phosphoimage analysis to measure 32P incorporation and stained with
Ponceau S (histones) or subjected to Western blot analysis with TLK-1 and AIR-2 specific antibodies to confirm protein loading.
(D) Wild-type, tlk-1(RNAi), and air-2(RNAi) embryos (produced by feeding dsRNA) were fixed and stained with DAPI and antibodies specific
for histone H3(S10) phosphorylation (pH3) and -tubulin. Bar: 10 m.
(E) A Western blot of protein extracts from wild-type and tlk-1(RNAi) embryos (produced by feeding dsRNA) was probed with pH3 and -tubulin
antibodies.
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Figure 4. RNAPII CTD Ser2 Phosphorylation Is Reduced in the Absence of TLK-1
(A) Wild-type, tlk-1(RNAi), and ama-1(RNAi) embryos (produced by feeding dsRNA) were fixed and stained with DAPI, and antibodies for the
large subunit of RNAPII, RNAPII CTD pSer5, and RNAPII CTD pSer2. Bar: 10 m.
(B) Immunostaining intensity of embryos treated as in (A) was quantified as described in Experimental Procedures. Bar: standard deviation
for measurements of 30–40 embryos per antibody.
with respect to transcription elongation, we examined during embryonic development. Furthermore, distinct
posttranslational modifications that have been linked tothe state of Lys36 methylation (MetLys36) in tlk-1(RNAi)
embryos. Wild-type and tlk-1(RNAi) embryos were fixed transcription elongation, namely phosphorylation of the
RNAPII CTD at Ser2 and methylation of histone H3 atand stained with polyclonal antibodies specific for his-
tone H3 MetLys4, MetLys9, and MetLys36. As a fixation Lys36, are specifically reduced in TLK-1-deficient em-
bryos.control, all embryos were counterstained with an
-tubulin-specific monoclonal antibody. While the inten- The human Tousled homologs have previously been
sity of MetLys4 and MetLys9 immunostaining did not shown to be cell cycle-regulated kinases with high levels
change, MetLys36 staining in tlk-1(RNAi) embryos was of expression and kinase activity linked to ongoing DNA
reduced to approximately 60% of wild-type levels (Fig- replication [13]. BrDU incorporation assays revealed no
ures 5A and 5B). Western blot analysis of wild-type and obvious defects in DNA replication in tlk-1(RNAi) em-
tlk-1(RNAi) protein extracts confirmed there was a sig- bryos produced by feeding (Z.H. and J.M.S., unpub-
nificant decrease in methylation of histone H3 Lys36 in lished data). However, a significant fraction of 50–100
tlk-1(RNAi) embryos (Figure S5). Altogether, these re- cell tlk-1(RNAi) embryos from mothers microinjected
sults are consistent with a role for the TLK-1 kinase in with tlk-1 dsRNA had cells with aberrant chromatin mor-
the regulation of transcription elongation. phology, including DNA bridges and brighter than wild-
type DAPI staining (J.R.S. and S.E.M., unpublished
Discussion data). A complete analysis of these defects is in prog-
ress. These results suggest that although no residual
TLK-1 protein was detected in tlk-1(RNAi) embryos pro-Here, we report that the C. elegans Tousled-like kinase
TLK-1 is broadly essential for appropriate transcription duced by feeding, an amount of TLK-1 activity sufficient
A Role for TLK-1 in Transcription
1927
Figure 5. Loss of TLK-1 Expression Affects Methylation of Histone H3 at Lys36
(A) Wild-type and tlk-1(RNAi) embryos (produced by feeding dsRNA) were fixed and stained with DAPI and antibodies for histone H3 MetLys4,
MetLys9, and MetLys36. Bar: 10 m.
(B) Immunostaining intensity of embryos treated as in (A) was quantified as described in the Supplemental Experimental Procedures. Bars:
standard deviation for measurements of 30–40 embryos per antibody.
for grossly normal DNA replication and chromosome duction and processing events take place in the required
order [41]. To date, few genes are known to affect CTDmorphology was retained. Since the transcription phe-
Ser2 phosphorylation without affecting Ser5 phosphory-notypes described here were consistent regardless of
lation [41]. Our results suggest that TLK-1 may be actingthe RNAi method used, this implies that these affects
coincident with this checkpoint either by directly phos-are not simply secondary consequences of severe de-
phorylating the CTD or perhaps by regulating the activityfects in DNA replication or chromosome integrity. Alto-
of a CTD Ser2-specific enzyme, such as the CTD Ser2gether, our data is consistent with a model whereby
kinase CDK-9 or the CTD Ser2 phosphatase Fcp1 [10,TLK-1 has two distinct and separable functions during
42, 43].C. elegans development. One function directly affects
As noted above, Tousled-like kinases have been sug-RNAPII activity and a second function ensures accurate
gested to have role in DNA replication [13]. SeparableDNA replication and/or chromatin assembly. Alterna-
roles for TLK-1 in the regulation of CTD phosphorylationtively, TLK-1 may be involved in producing a chromatin
and cell cycle control nicely parallel the functions of thetemplate that differentially affects transcription and
CTD kinase CDK-7 [6–8]. CDK-7 phosphorylates CTDchromosome morphology. These models are not neces-
Ser5 and activates cyclin-dependent kinase complexessarily mutually exclusive and are discussed in detail
[6–8]. Depletion of C. elegans CDK-7 activity by a tem-below.
perature-sensitive (ts) cdk-7 mutation or (cdk-7)RNAi
results in embryonic lethality at the 50-cell stage that is
A Direct Role for TLK-1 in Transcription? characterized by loss of CTD Ser2 and Ser5 phosphory-
Distinct stages of transcription and RNA processing are lation and transcription defects [8]. A fully penetrant
temporally and spatially linked and are associated with block in cell cycle progression is only revealed when
differential RNAPII CTD phosphorylation [1]. RNAPII cdk-7(RNAi) is performed in the cdk-7(ts) mutant back-
phosphorylated at CTD Ser5 is found at promoter re- ground. These conditions presumably eliminate CDK-7
gions and is associated with RNA-capping enzymes activity and result in embryonic arrest at the one-cell
[40], while Ser2 phosphorylated RNAPII predominates stage [8]. As with CDK-7, our results with TLK-1 suggest
in coding regions [1]. The transition from promoter clear- that transcription may be more sensitive to alterations
ance to active elongation complexes has been dubbed in the overall level of TLK-1 kinase activity than cell cycle
events that may also require TLK-1.a transcription “checkpoint” that ensures that RNA pro-
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